The hindgut of the Drosophila embryo is subdivided into three major domains, the small intestine, large intestine, and rectum, each of which is characterized by speci®c gene expression. Here we show that the expression of wingless (wg), hedgehog (hh), decapentaplegic (dpp), and engrailed (en) corresponds to the generation or growth of particular domains of the hindgut. wg, expressed in the prospective anal pads, is necessary for activation of hh in the adjacent prospective rectum. hh is expressed in the prospective rectum, which forms anteriorly to the anal pads, and necessary for the expression of dpp at the posterior end of the adjacent large intestine. wg and hh are also necessary for the development of their own expression domains, anal pads, and rectum, respectively. dpp, in turn, causes the growth of the large intestine, promoting DNA replication. en de®nes the dorsal domain of the large intestine, repressing dpp in this domain. A one-cell-wide domain, which delineates the anterior and posterior borders of the large intestine and its internal border between the dorsal and ventral domains, is induced by the activity of en. We propose a model for the gene regulatory pathways leading to the subdivision of the hindgut into domains. q
Introduction
The gut is an organ of phylogenetically ancient origin, and is common among most multicellular animals. The gut is composed of an epithelial tube and visceral mesoderm. This simple tissue architecture makes the gut a potentially ideal subject for the study of genetic mechanisms effecting regional differentiation. The Drosophila gut is composed of three major parts; the foregut, midgut, and hindgut. We focus here on pattern formation of the hindgut. The genetic mechanisms of speci®cation of the primordium of the hindgut have been largely elucidated by recent ®ndings of the key genes involved in the process (for reviews, see Lengyel and Liu, 1998; Murakami et al., 1999) . brachyenteron (byn, synonymous with Trg and aproctous), an ortholog of the vertebrate Brachyury gene, is responsible for determining the hindgut (Kispert et al., 1994; Murakami et al., 1995; Singer et al., 1996) . byn is regulated by the terminal system (for a review, see Nu Èsslein-Volhard et al., 1987) , in which two gap genes, tailless and huckebein, play major roles in de®ning the initial regional subdivisions (Pignoni et al., 1990; Weigel et al., 1990; Bro Ènner and Ja Èckle, 1991; Bro Èn-ner et al., 1994; Reuter and Leptin, 1994) . Although they play an important role in de®ning the region of the midgut, HOM-C genes do not seem to be important for the subdivision of the ectodermal foregut and hindgut, given that extensive expression of HOM-C genes does not occur in these organs. Instead, several segmentation genes, such as wg, hh, dpp, and en, are expressed in the primordia of the foregut and hindgut (for reviews, see Skaer, 1993; Lengyel and Liu, 1998; Murakami et al., 1999) . Some morphological defects have been reported in mutants of wg, hh, and dpp (Pankratz and Hoch, 1995; Hoch and Pankratz, 1996) . In the hindgut, expression of these genes are under the control of byn or fork head ( fkh), which work largely in parallel in the proctodeum (Kispert et al., 1994; Murakami et al., 1995; Hoch and Pankratz, 1996; Singer et al., 1996) . However, the regulatory pathway of gene expression that leads to the subdivision of the ectodermal gut parts, and the mechanism that causes morphological defects in the mutation of these genes, still remain to be revealed.
In the present study, we examined the expression patterns of wg, hh, dpp, and en in the developing hindgut in detail, and analyzed the regulatory interaction among these genes. As is the case for the imaginal discs and outer segmented parts, wg, hh, dpp, and en are required for the patterning of the hindgut, but the spatial expression patterns of these genes and their regulatory interrelations are quite different. We also found that en de®nes the dorsal domain of the hindgut and induces a one-cell-wide domain at the border of its expression domain.
Results
In previous reports, we used the term`tissue compartments' to indicate the domains of the gut. In this report, the term`domain' is used in order to avoid confusion with the term`developmental compartment', which was de®ned by clonal analysis of the wing disc. To clarify our use of anatomical descriptions, the organization of the hindgut domains, as revealed by speci®c gene expression patterns, is illustrated in Fig. 1A . The most anterior domain of the hindgut, which is just posterior to the midgut, is the small intestine. The small intestine is followed by the large intestine, then the rectum. The large intestine is further subdivided into a ventral and a dorsal domain. A one-cell-wide domain, which was designated as h4 (Murakami et al., 1994 (Murakami et al., , 1999 , forms at the anterior and posterior borders of the large intestine, as well as at the border between the dorsal and ventral domains of the large intestine. We designate the cells in these regions collectively`border cells'. Until the end of stage 12, the hindgut tube is situated on the midline of the body, and is left-right symmetric. During early stage 13, the hindgut rotates to the left, resulting in the original dorsal and ventral domains coming to face the left and right side of the body, respectively. The ori®ce of the rectum (the anal slit) is surrounded by the anal pads, the development of which is tightly linked to that of the hindgut.
2.1. wg, hh, dpp, and en are expressed in speci®c hindgut domains It was previously described that wg, hh, and dpp are expressed in the hindgut of the Drosophila embryo (Hoch and Pankratz, 1996) . We re-examined the expression patterns of these genes in detail to de®ne their exact spatial relationship. wg is expressed throughout the proctodeum at stage 9, then soon becomes restricted to two separate regions: (1) the primordium of the anal pads, which surrounds the posterior opening of the hindgut; and (2) a narrow ring anterior to the small intestine (Hoch and Pankratz, 1996 ; Fig. 2A arrowhead) . The expression in these two domains persists throughout embryogenesis.
hh is expressed throughout the hindgut primordium at stage 10. Subsequently, as in the case of wg, the expression is divided into two separate regions at stage 11: the region just posterior to the anterior wg domain, which corresponds to the small intestine (Fig. 2B, arrowhead) , and the posterior-most region of the hindgut, which corresponds to the prospective rectum and is situated just anterior to the anal pads (Fig. 2B ). These patterns generally con®rm the description by Hoch and Pankratz (1996) . dpp is ®rst expressed at early stage 11 as a narrow ring anterior to the prospective rectum (Fig. 2C,D, arrows) . After early stage 12, a weak expression appears in the ventral domain of the large intestine (Fig. 2D) , which partly overlaps the former dpp-positive domain. en, initially expressed throughout the hindgut primordium at stage 9, is soon restricted to the dorsal domain of the large intestine (Fig. 2E) . The en-positive dorsal domain and the dpp-positive ventral domain do not overlap when examined by double staining for En protein and dpp mRNA (see Fig. 5A ). The expression of en continues throughout embryogenesis and larval stages, as was reported previously (Hama et al., 1990) .
The border cells differentiate at the anterior and posterior border of the large intestine and at the border between the Murakami et al. (1994) . A narrow junction between the posterior end of the midgut (mg) and the Malpighian tubules (mt) is recognized by wg expression (see below). The most anterior domain of the hindgut is the small intestine (si), which is just posterior to the Malpighian tubules, and is followed by the large intestine (li). The large intestine is further subdivided into dorsal (li-d) and ventral (li-v) domains. A one-cell-wide domain, which we call border cells (bc), delineates the anterior and posterior borders of the large intestine and the border between the dorsal and ventral domains. The posterior-most portion of the hindgut is the prospective rectum (rec), which opens to the anal slit that is surrounded by the anal pads (ap). (B) Summary of the gene expression patterns in the hindgut at a late embryonic stage (after stage14). wg is expressed at the anal pads and the junction between the midgut and Malpighian tubules. hh is expressed in the small intestine and rectum. dpp is strongly expressed in the posterior-most region of the large intestine. The ventral domain of the large intestine weakly expresses dpp. en is expressed in the dorsal domain of the large intestine. Crb is expressed in border cells that delineate the anterior and posterior borders of the large intestine and the border between the dorsal and ventral domains. dorsal and ventral domains of the large intestine. The border cells are ®rst detected at stage 12 by lacZ expression of some enhancer-trap strains (data not shown), and after stage 14, the cells are distinguished by marked expression of Crb (Fig. 2F,G) (Tepass et al., 1990) and dead ringer (Gregory et al., 1996) . By double staining for En and bgalactosidase protein of border cell-speci®c enhancer trap lines, the border cells are found to abut the En-positive domain and to express no En protein (see Fig. 7A ), suggesting that dpp-positive cells abutting the en-positive domain differentiate into border cells. The gene expression patterns in the hindgut after stage 14 are summarized in Fig. 1B . It is noteworthy that the spatial organization of en, hh, wg, and dpp domains is quite different from that of the segmented epidermis or the imaginal discs, suggesting that a different patterning mechanism is working in the hindgut.
wg is required for hh and dpp expression in the hindgut
Strong defects in the hindgut of wg mutant embryos were previously reported (Hoch and Pankratz, 1996) , and it was argued that such defects are likely due to an early effect on cell proliferation. We examined the effects of the hypomorphic mutation, wg 17en40 , on development of hindgut patterning in detail. In this mutant, proctodeal invagination was almost normal until stages 9±10, but much of the proctodeum, except the anterior-most region including the small intestine, began to degenerate after the onset of germband shortening (compare Fig. 3A ,B), resulting in a very tiny epithelial sac (Fig. 3B ). The anal pads, which express wg, also degenerate in this mutant. The expression of hh in the prospective rectum was abolished in this wg mutant, while the expression of hh in the small intestine was not affected (Fig. 3C ). Hindgut of a null allele of wg (wg
PY40
) showed essentially the same defects though overall morphology of the embryo was affected more severely. This result suggests that hh expression in the prospective rectum is activated by wg signaling. To prove this, the effect of ectopic expression of wg was examined by using the GAL4-UAS system (Brand and Perrimon, 1993) . The UAS-wg ts strain, in which functional wg can be induced at the permissive temperature of 178C (Wilder and Perrimon, 1995) , was mated with the byn-GAL4 strain, in which GAL4 is expressed throughout the whole hindgut and anal pads. It was found that hh expression was expanded throughout hindgut upon misexpression of wg (Fig. 3E ). Except for a short anterior portion corresponding to the small intestine, the lumen of the hindgut was characteristically enlarged, with no morphological boundary between the large intestine and rectum. Similar results were obtained when an active form of Armadillo (UAS-arm S10 , Pai et al., 1997) was misexpressed throughout the hindgut. These results strongly suggest that the ectopic wg activity induced hh expression at the prospective large intestine, and the latter developed as a part of the rectum. Conversely, in a hh mutant, there were no drastic changes in anal pad development or wg expression (data not shown).
In wg mutants, dpp expression in the large intestine was completely abolished (Fig. 3D) . The ectopic expression of wg slightly upregulated the initial dpp expression in the large intestine at stage 11 (data not shown), but had repressed dpp throughout the hindgut by late stage 12 (Fig. 3F) . The relationship between wg activity in the anal pads and dpp expression in the large intestine seems to be indirect and complicated (see below).
en expression in the dorsal domain of the large intestine, in contrast with that of dpp and hh, was not affected in wg embryos (data not shown). These results suggest that the defects of the hindgut in wg mutants are partly mediated by failure of hh expression in the future rectum. It should be noted that the defects of the large intestine in wg mutant was more drastic than those in either hh or dpp mutants. There may exist some pathway of wg action that was not mediated by hh and dpp.
2.3. hh is required for dpp expression in an adjacent region hh is expressed in the prospective rectum and small intestine after stage 11, as described above. The hindgut of the hh embryo was shorter than that of wild-type (i.e. about 70% that of wild-type at stage16, n 21; compare Fig. 4A,C) . Reduction of the small intestine and rectum was reported previously (Hoch and Pankratz, 1996) . After stage 12, the prospective rectum is recognized by a slightly enlarged lumen at the posterior end of the proctodeum in wild-type embryos (Fig.  4B) . In hh embryos, the rectum was initially almost normal in size at early stage 12 (not shown), but after early stage 13 it began to degenerate (Fig. 4D) , and became scarcely recognizable at stage 16 (Fig. 4C, arrowhead) . Consequently, the posterior border of en expression in the dorsal domain was more proximate to the ori®ce (data not shown). The small intestine was also reduced in hh embryos, but this defect was not so drastic when compared with that of the rectum (Fig.  4C, arrow) . Growth of the large intestine, which occurs in wild-type embryos after stage 12, was suppressed in hh mutants, resulting in a short hindgut. In hh embryos, dpp expression in the region just anterior to the prospective rectum became very weak, but dpp expression in the ventral domain of the large intestine was not affected or, rather, appeared to be enhanced (Fig. 4E) . A dpp mutation, in contrast, did not affect hh expression in the future rectum (see Fig. 6D ). These results indicate that hh expression in the prospective rectum is necessary for the development of the rectum itself, and also for sustaining the normal dpp level in the posterior end of the large intestine. Inductive effects of hh on dpp expression in the large intestine was demonstrated by the ectopic expression of hh. Ectopic expression of hh in the posterior half of the large intestine by mating the UAS-hh strain with the hairy-GAL4 strain, which expresses GAL4 in the posterior half of the hindgut including most of the large intestine (unpublished data), resulted in markedly expanded dpp expression in the posterior portion of the large intestine, including both the ventral and dorsal regions (Fig. 4F) . Misexpression of hh by use of byn-GAL4 induced ectopic expression of dpp throughout the large intestine (data not shown). Recently, Sanchez-Soriano and Russell (2000) reported that ectopic expression of hh with an en-GAL4 driver had no effect on dpp expression in the hindgut. These con¯icting results may be due to different domains or stages of expression of the GAL4 drivers.
en represses dpp in the dorsal domain of the large intestine
As described above, dpp is expressed in two overlapping regions of the large intestine; these regions appear to be regulated independently. dpp expression at the posterior end of the large intestine depends on hh activity in the adjacent rectum, whereas the weak expression of dpp in the ventral domain of the large intestine was not affected in the hh mutant. In the dorsal domain of the large intestine, where dpp is not expressed except in the posterior-most portion, en is expressed throughout development. Double staining for En protein and dpp mRNA revealed that the en-domain and the dpp-domain do not overlap (Fig. 5A) . To analyze the regulatory relationship between dpp and en, we examined dpp expression in an en mutant (Df(2R)en E ), in which en and its homolog invected (inv) are de®cient. Expression of dpp expanded to the dorsal domain of the large intestine in the en mutant (Fig. 5B) , but overall morphology of the hindgut was almost normal except for a slight overgrowth. Repression of dpp by en was also demonstrated by ectopic expression of en. When en was expressed throughout the hindgut with the GAL4-UAS system, dpp expression in the hindgut became very weak (Fig. 5C ) except in the posterior-most portion of the large intestine, where the hh signal from the adjacent rectum activates dpp expression as described above.
It should be noted that wg and hh mutations resulted in a short hindgut, and these mutations were associated with the reduction of dpp expression in the large intestine. It is very likely that suppression of the growth of the large intestine correlates with the decrease in dpp expression. We thus examined the effect of dpp mutation on the development of the hindgut.
dpp is required for DNA replication in the large intestine
It was previously reported that the hindgut of the dpp mutant embryo is of almost normal length based on obser-vation of its overall morphology (Hoch and Pankratz, 1996) . However, by in situ hybridization with a byn probe, which detects the whole hindgut and anal pads, the hindgut of homozygous dpp H46 (a very strong haplo-lethal allele), homozygous dpp hr92 (a strong allele), and dpp hr92 /1 embryos were found to show a signi®cantly shorter hindgut (Fig. 6A,B) . In these embryos, the anal pads and posterior abdomen were abnormally internalized, forming a tube-like structure continuous to the hindgut ori®ce. Numerous outbuddings in the large intestine of dpp mutants were previously reported (Hoch and Pankratz, 1996) , but the outbuddings may be foldings of the abnormally internalized epidermal structures because we could not ®nd any outbuddings in the hindgut region of dpp mutants. Excepting their position, the anal pads appeared largely morphologically normal. We found that dpp mutation did not affect hh expression in the small intestine or rectum, and these parts developed almost normally (Fig. 6C,D) . The short hindgut observed in dpp mutants could be a consequence of the failure of normal growth of the large intestine. Consistent with this idea, when dpp was ectopically expressed throughout the hindgut by the GAL4-UAS system, excessive growth of the hindgut was induced (Fig. 6E) . Excessive growth was observed only when the patched-GAL4, in which GAL4 strongly expressed throughout hindgut in stages 9±11, was used as a driver. byn-GAL4 or hairy-GAL4 did not cause a marked effect, which may re¯ect a difference in strength or times of expression among GAL4 drivers.
The growth of the hindgut after stage 12 is not associated with cell division but with endoreplication (Campos-Ortega and Hartenstein, 1985; Foe, 1989 ; for review, see Skaer, 21 embryo (C) is shorter than that of wild-type (A), and the rectum is not recognizable (arrowhead in C) though the small intestine shows almost normal morphology except in its slightly smaller size (arrow in C, slightly oblique in this ®gure). The prospective rectum is recognized by a slightly enlarged lumen in the wild-type embryo at stage 13 (bracket in B), whereas the rectum of the hh 21 embryo at the same stage is shortened (D). (E,F) Expression of dpp mRNA. (E) In the hh 21 embryo, dpp expression in the region just anterior to the rectum becomes very weak (arrows). (F) When hh is ectopically expressed in the posterior half of the hindgut by mating the h-GAL4 strain with the UAShh strain, dpp expression is induced in the corresponding region (arrowheads). 1993). DNA synthesis in the hindgut cells of dpp mutant and wild-type embryos was compared by incorporation of BrdU. In wild-type embryos, all epithelial cells of the large intestine incorporated BrdU (Fig. 6F) . It is noteworthy that only the large intestine showed DNA replication in the hindgut (Smith and Orr-Weaver, 1991) . In dpp embryos, BrdU incorporation was completely abolished (Fig. 6G). 2.6. One-cell-wide domain development at the border of the en-positive domain As illustrated in Fig. 1A , the border cells form a one-cellwide domain that is composed of three portions: an anterior and a posterior ring, and bilateral strands that connect the two rings. The border cells strongly express Crb after stage 14. As described above, the border cells abut but do not overlap the En-positive domain (Fig. 7A) . Differentiation of the border cells in en mutant embryos (Df(2R)en E ) was examined by Crb immuno-staining or by use of border cellspeci®c enhancer-trap marker strains. Border cells did not differentiate in Df(2R)en E embryos (Fig. 7C,D) , suggesting that en activity is necessary for the differentiation of border cells. A single mutation of either en (en 54 ) or inv (inv
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) did not affect the development of border cells, indicating functional redundancy of en and inv genes. When en was ectopically expressed throughout hindgut by byn-GAL4, border cells failed to form except at the posterior border of the large intestine (Fig. 7E,F) . These results indicate that the interaction of en-positive and en-negative cells is required for the differentiation of border cells. The absence of border cells did not affect the gross morphology of the hindgut.
Discussion
The present study has revealed a number of regulatory pathways that operate in the patterning of the hindgut (see outline, Fig. 8 ). In brief, signaling activities of wg and hh play important roles in inductive events during the subdivision of the hindgut into several domains. dpp triggers growth of a portion of the hindgut by promoting endoreplication. en speci®es the dorsal domain of the large intestine, and also induces a one-cell-wide domain at the border of its expression domain. Details of the proposed scheme are discussed below.
3.1. wg, hh, dpp, and en are essential for patterning of the hindgut A feature of gene expression in the developing hindgut is that several genes required for the patterning of the ectodermal outer body segments and imaginal discs are also extensively deployed, which may re¯ect the ectodermal nature of this organ (for reviews, see Skaer, 1993; Lengyel and Liu, 1998; Murakami et al., 1999) . The spatial expression patterns and regulatory interrelations of wg, hh, dpp, and en genes in the hindgut are quite different from those in the imaginal discs (Basler and Struhl, 1994; Kojima et al., 1994; Tabata and Kornberg, 1994; Zecca et al., 1995) , though some aspects of the respective patterning mechanisms are shared. wg is expressed in the prospective anal pads, and wg mutants drastically affect the development of adjacent hindgut primordium, as well as abolishing hh and dpp expression. The wg-dependent hh expression in the prospective rectum, in turn, is required for normal expression of dpp in the adjacent portion of the large intestine. These results demonstrate that wg and hh proteins mediate sequential inductive interactions during development of the E embryos, dpp expression expands to the dorsal domain of the large intestine. The hindgut is slightly longer and shows abnormal bends (arrowheads). (C) dpp mRNA in the ventral domain is drastically reduced by ectopic expression of en in the whole hindgut, while dpp mRNA in the region just anterior to the rectum (rec) remains intact (arrow).
hindgut, which is also the case in the development of imaginal discs and outer segments.
wg and hh are required for the development of their own expression domains
In addition to their inductive effects on adjacent regions, wg and hh are essential for the development of their own expression domains. wg is expressed in the prospective anal pads, and wg mutants failed to form the anal pads. Similarly, hh is expressed in the prospective rectum, and hh mutants failed to form the rectum. These results suggest that wg and hh act to promote differentiation of the regions in which they are expressed.
dpp promotes DNA replication and growth of the large intestine
Our study revealed that dpp is essential for the growth of the large intestine under the control of wg and hh expression in the prospective anal pads and rectum, respectively. wg mutation abolishes dpp expression in the large intestine, and the large intestine fails to grow. hh mutation causes a reduction of dpp expression at the posterior end of the large intestine, resulting in suppression of the growth. Conver- Fig. 6 . Suppression of the growth and of DNA replication in the large intestine in dpp mutant. (A) The hindgut, as well as the anal pads, of a wild-type embryo at stage 14 is stainable with a byn probe. ap, anal pads. (B) In situ hybridization of a dpp hr92 /1 embryo with the byn probe reveals a short hindgut associated with abnormally internalized anal pads. (C,D) hh mRNA expression in the hindgut of a wild-type (C) and a dpp hr92 /dpp hr92 embryo (D) at early stage 15. hh mRNA is detected in the small intestine and rectum in the wild-type embryo. In the dpp hr92 /dpp hr92 embryo, the small intestine and rectum form normally, but the large intestine (portion between the two hh-positive domains) is very short (compare with C). (E) The hindgut of ptc-GAL4; UAS-dpp embryo at stage 14, stained with the byn probe, shows excessive growth of the hindgut. (F) BrdU incorporation in the hindgut of a wild-type embryo at stage14, which is detected immunohistochemically using anti-BrdU antibody. BrdU is incorporated in all nuclei of epithelial cells of the large intestine (li). (G) BrdU is scarcely incorporated in the large intestine of the dpp H46 /dpp H46 embryo (indicated by white lines), while incorporation in other tissues remains intact (arrow).
sely, excessive expression of dpp in the hindgut primordium causes over-growth. Growth of the large intestine is completely arrested in dpp mutant embryos. Dpp may induce growth by promoting DNA replication (endoreplication), given that dpp mutation suppresses BrdU incorporation in the cells of the large intestine. The effect of Dpp is thought to be mediated by its receptor protein, Tkv, since tkv mutants showed an arrest of growth of the large intestine (Takashima and Murakami, unpublished data). Interestingly, tkv expression is detected only in the prospective rectum (data not shown). The molecular pathway of the dpp action in the large intestine may be rather complicated, and is currently under investigation.
en represses dpp and de®nes the dorsal domain
Whereas wg and hh induce dpp expression in the large intestine, en represses dpp in the dorsal domain of the large intestine. dpp expression is expanded to the dorsal domain in en mutants, while it is repressed by ectopic expression of en. As is the case in other ectodermal tissue, en may act to specify the developmental fate of its expression domain in the hindgut. The ultrastructure of the dorsal domain of the larval hindgut indicates that the domain is specialized for energy-dependent absorption (Murakami et al., 1999; Murakami and Shiotsuki, 2001) . en may also act to maintain the state of differentiation, given that it continues to be expressed in the dorsal domain of the larval hindgut.
en-positive domain induces border cells
In the hindgut, a one-cell-wide domain forms at the border between the dorsal and ventral domains of the large intestine and at the anterior and posterior borders of the large intestine. The dorsal domain of the large intestine expresses en while the ventral domain expresses dpp. The anterior and posterior rings of the border cells abut the small intestine and rectum. Lack of en activity results in a lack of any border cells. Ectopic expression of en throughout the hindgut also abolishes border cells at the border between the dorsal and ventral domains and at the anterior ring. These data indicate that the development of the border cells requires direct interaction of en1/en2 cells. The mode of the induction of the border cells appears to be similar to that of the induction of the dpp-positive domain at the border of the anterior and posterior compartment of the wing disc, in which en induces a narrow band of cells just anterior to its expression domain. In the wing, this inductive in¯uence of en is known to be mediated by the signaling molecule Hh. However, the en-positive domain of the large intestine, that is, the dorsal domain, does not express hh. Some unknown signaling molecules are assumed to emanate from the dorsal domain and to induce border cell differentiation. This system may provide a simple mechanism for`making borders' during pattern formation. In contrast to the dpppositive domain of the wing disc, in the hindgut it is unlikely that the border cells produce some morphogen that acts to organize the patterning, because the lack of border cells does not cause gross morphological defects. The border cells may be involved in the adhesion of different kinds of tissues in the hindgut because Crb protein, which is essential for the adherens junction, is strongly expressed in the border cells (Tepass, 1996) .
Experimental procedures

Fly strains
We used the following stocks: y w and OregonR for analyzing normal development of the gut; hh 21 (loss of function, Ingham and Hidalgo, 1993) ; wg PY40 (a null allele, Murakami et al., 1994) ; wg 17en40 (a hypomorphic allele); dpp
H46
and dpp hr92 (an almost null and a very strong alleles, Wharton et al., 1993) ; en 54 (null allele) and inv
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(null allele, Tabata et al., 1995) ; Df(2R)en E (de®ciency of en and inv, Tabata et al., 1995) ; UAS-en (Tabata et al., 1995) ; UAS-hh (provided by Dr. T. Kojima); h-GAL4 (Brand and Perrimon, 1993); ptc-GAL4 (from Bloomington stock center); UAS-wg ts (Wilder and Perrimon, 1995) ; and UAS-arm S10 (Pai et al., 1997) . We also used a GAL4 driver strain, byn-GAL4, for ectopic gene expression in the hindgut primordium (kindly provided by Iwaki and Lengyel prior to publication). Thē ies were raised at 238C, and embryos were collected and staged according to Campos-Ortega and Hartenstein (1985) .
In situ hybridization
In situ hybridization of embryos was carried out using Dig-11-UTP-labelled RNA probes, as described by Tautz and Pfei¯e (1989) . The following cDNAs were used as templates for Dig-RNA probes: wg cDNA (Baker, 1987) , hh cDNA (Tabata et al., 1992) , dpp cDNA (Padgett et al., 1987) , en cDNA (Poole et al., 1985) , and byn/apro cDNA (Murakami et al., 1995) .
Immunostaining
Devitellinized embryos were stored in MeOH or immediately used for antibody staining. Embryos were rinsed with PBT (PBT:0.3±0.5% Triton X-100 in PBS) and blocked with 10% FBS (fetal bovine serum) in PBT. Primary antibodies were diluted with 10% FBS in PBT: anti-BrdU (1:100; Sigma), anti-Crb (1:100; Tepass et al., 1990) , anti-b-Gal (1:1000; Promega), anti-En/Inv (1:1000; Patel et al., 1989) . The embryos were incubated with the diluted antibodies at 48C overnight. After treatment with Fig. 8 . Schematic illustration of the process of pattern formation of the hindgut. wg, hh, and en are initially expressed in the whole hindgut primordium by stage 9, though their expressions are soon restricted to speci®c domains. After stages 10-11, wg is expressed in anal pad primordia. This expression was suggested to depend on caudal (cad; Wu and Lengyel, 1998) . wg activates hh expression in the adjacent hindgut primordium. The hh-positive domain forms the rectum and the wg domain forms the anal pads. hh in the rectum upregulates dpp expression in the adjacent region of the large intestine. dpp is also expressed in the ventral domain of the large intestine, which expression may indirectly depend on wg activity. en is expressed at the dorsal domain of the large intestine and represses dpp. The en-positive domain induces border cells (bc) in adjacent cells. Dpp activity in the large intestine causes DNA replication and growth. The upstream regulators of en in the dorsal domain remain to be elucidated. biotinylated secondary antibodies (1:500; Vector Laboratories), signals were detected with a Vectastain ABC elite kit, with NiCl 2 enhancement. Double labeling with antibody and mRNA was carried out according to Manoukian and Krause (1992) .
BrdU labeling and detection
BrdU incorporation was performed according to Smith and Orr-Weaver (1991) . Dechorionated embryos were permeabilized with octane saturated with MM insect medium (Sigma) or Schneider insect medium (Sigma) for 5 min with gentle agitation, then transferred to a solution of the medium containing 1 mg/ml BrdU for 30±60 min. After incubation with BrdU, embryos were immediately ®xed with heptane saturated with 3.5% formaldehyde or 4% paraformaldehyde, and devitellinized with MeOH. Embryos were then rehydrated and treated with 2N HCl for 30 min. After neutralization, embryos were processed for immunostaining for BrdU.
